Background: Diaphragmatic dysfunction remains the main cause of weaning difficulty or failure. Ultrasonographic measurement of diaphragmatic function can be used to predict the outcomes of weaning from mechanical ventilation. Our primary objective was to investigate the performance of various sonographic parameters of diaphragmatic function for predicting the success of weaning from mechanical ventilation.
Background
Diaphragmatic dysfunction remains the main cause of weaning difficulty or failure. Its prevalence ranges from 33 to 95% [1] [2] [3] [4] [5] . Diaphragmatic dysfunction among patients hospitalized in the intensive care unit (ICU) is commonly attributed to critical illness polyneuropathy and myopathy [6] . Mechanical ventilation, even after a short period of time, can also induce diaphragmatic dysfunction by reducing the force that generates the capacity of the diaphragm, which may cause weaning difficulty. Diaphragmatic dysfunction can be worsened by disuse atrophy of both fast-twitch and slow-twitch myofibers of the diaphragm following the administration of a neuromuscular blocking agent [7] [8] [9] .
Several parameters, including the rapid shallow breathing index (RSBI), vital capacity (VC), and maximum peak inspiratory pressure (PI MAX ), are routinely used to predict weaning failure from mechanical ventilation. However, the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and cut-off values of these parameters are highly variable among studies. Moreover, these parameters do not directly reflect diaphragmatic function [10] .
Although fluoroscopic examination of the diaphragm remains the gold standard for evaluation of diaphragmatic movement, it cannot be performed in patients in the ICU. Bedside ultrasound is being increasingly performed for real-time assessment of diaphragmatic movement. This technique allows qualitative and quantitative assessment of diaphragmatic function in terms of diaphragmatic thickness (DT) and diaphragmatic amplitude during contraction, which help to diagnose diaphragmatic weakness [11] [12] [13] [14] and respiratory workload [12, 15] in patients in the ICU. Kim et al. [16] found that diaphragmatic excursion of < 10 mm or paradoxical movement is associated with weaning failure. DiNino et al. [17] suggested that diaphragm contractile function at the zone of apposition as measured by ultrasound may be useful for predicting extubation success or failure. Spadaro et al. [18] recently reported a new index, namely the diaphragmatic RSBI, which is calculated by substituting the tidal volume (TV) with the ultrasonographic evaluation of diaphragmatic displacement. This parameter is more accurate than the traditional RSBI for prediction of weaning failure [18] .
To the best of our knowledge, quantitative assessment of both the right and left hemidiaphragms and comparison of these ultrasound parameters with conventional parameters have not been performed. We hypothesized that diaphragmatic parameters determined by bedside ultrasonography can predict the weaning outcome with better performance than conventional parameters. Therefore, we conducted this prospective study to investigate diaphragmatic function in patients in the ICU in terms of diaphragmatic motion and contractile function using bedside ultrasonography during the weaning period. We also evaluated the performance of these ultrasound parameters by comparison with conventional parameters routinely used to predict successful weaning from mechanical ventilation.
Methods

Study design and patient population
This prospective cross-sectional study was conducted at a tertiary-care, university-based hospital. The study was approved by the Ethical Clearance Committee on Human Rights Related to Research Involving Human Subjects, Faculty of Medicine Ramathibodi Hospital, Mahidol University (No. MURA2013/414/N 3 SEP 17 ).
We consecutively enrolled adult patients aged > 18 years who were admitted to the medical or surgical ICU of Ramathibodi Hospital, Mahidol University from June 2013 to November 2013. All patients provided written informed consent prior to enrollment. When the patient was unable to provide consent because of consciousness disturbance, the next of kin provided written informed consent.
Inclusion and exclusion criteria
The inclusion criteria were as follows: 1) a requirement for intubation; 2) readiness for weaning from mechanical ventilation as defined by recovery from the cause of respiratory failure, a stable hemodynamic status, no requirement for a vasopressor, and no administration of sedative agents or neuromuscular blocking agents > 24 h before enrollment; and 3) readiness for respiration with a T-piece system.
The exclusion criteria were the presence of pneumothorax or ascites, a history of either neuromuscular disease or thoracic surgery, the presence of a tracheostomy tube, and poor image quality. The following baseline characteristics were recorded: age, sex, duration of mechanical ventilation, cause of respiratory failure, body mass index, and laboratory findings before extubation.
Measurements
In our units, there is no specific (written) criteria by which to determine the best time to start weaning and no formal guidelines for reducing support. In the present study, the patients' readiness to wean was assessed daily by clinical judgment of the attending intensivist and/or pulmonary physician. The primary physicians were blinded to the ultrasound results. The research team did not play a role in deciding whether a patient was to be extubated.
Exhaled TV, RSBI, VC, PI MAX , and diaphragmatic parameters were measured in all participants at the end of a 2-h spontaneous breathing trial with a T-piece and zero pressure support (before extubation). We employed a hand-held Wright respirometer (Ferraris Medical Ltd., Hertford, Hertfordshire, England) to measure minute ventilation (MV). TV was calculated as MV divided by respiratory rate. The RSBI was the ratio between the respiratory rate (breaths/min) and TV (liters) [19] . Measurement of VC (slow VC) was performed in the upright position, after measurement of MV. During measurement of VC, each patient breathed until the end of inspiration, then exhaled to the approximate residual volume. This process was supervised by a pulmonary fellow. PI MAX was measured with a negative inspiratory force meter, which is a calibrated device containing a unidirectional valve, attached to the end of an endotracheal tube (Instrumentation Industries, Inc., Bethel Park, PA, USA). PI MAX was determined from the most negative pressure documented during 20 s of airway occlusion [19] .
Transthoracic ultrasonography was performed at the bedside with a SonoSite M-Turbo (SonoSite Inc., Bothell, WA, USA) by a well-trained pulmonary physician. The examination was performed in both B-and anatomical M-modes. All examinations were carried out with patients in the supine position. We obtained diaphragmatic ultrasound values from three consecutive tidal breaths, and the average values were used for analysis.
The diaphragmatic inspiratory excursion and time to peak inspiratory amplitude of the diaphragm (TPIA dia ) of each hemidiaphragm (right TPIA dia and left TPIA dia ) were measured in M-mode using a 1-to 5-MHz ultrasound transducer during tidal breathing (Fig. 1) [20] . The measurement was performed via either a subcostal or intercostal approach in the mid-clavicular line, or in the right or left anterior axillary line. The liver or spleen was identified as a window for each hemidiaphragm. The ultrasound probe was placed in the direction in which the ultrasound beam reached the posterior third of the corresponding hemidiaphragm perpendicularly [15] . During inspiration, the normal diaphragm moved caudally toward the ultrasound transducer, which was recorded as an upward motion of the M-mode tracing. The amplitude of diaphragmatic inspiratory excursion was measured as the point of maximal height of inspiration in the M-mode tracing. The TPIA dia was defined as the time from the beginning of diaphragmatic contraction to the maximal amplitude of diaphragmatic inspiratory excursion as measured from the M-mode tracing.
DT was subsequently measured at the zone of apposition [15] , which is the area of the diaphragm attached to the rib cage, at both end inspiration and end expiration using a 6-13 ultrasound transducer in Mmode (Fig. 2) . The DT difference (DTD) was calculated by subtracting DT at end expiration from DT at end inspiration. The diaphragm thickening fraction (TFdi) was calculated as follows: (DTD)/(DT at end expiration) × 100 [21] . These data were not communicated to the patient care team during the study; they were stored on the hard disk of the ultrasound machine and later exported to files for further verification and analysis. All images were reviewed in terms of image quality by a pulmonary physician and a radiologist (P.T. and T.S.).
Outcomes
The primary outcome was the diagnostic accuracy of diaphragmatic ultrasound parameters for predicting weaning success. Successful weaning from mechanical ventilation was defined as the ability to tolerate spontaneous breathing for at least 48 h without any level of assisted ventilation. Weaning failure was defined as the requirement for resumption of either invasive or noninvasive mechanical ventilation or reintubation within 48 h after extubation [16] .
The secondary outcomes were the association between weaning parameters and diaphragmatic dysfunction [16] , reintubation during admission, and reintubation within 48 h after extubation. Ultrasonographic diaphragmatic dysfunction was considered when each hemidiaphragm exhibited either vertical excursion of < 10 mm or the presence of paradoxical movement [16] .
Statistical analysis
The patients were classified into two groups based on the primary outcome. All parameters were compared between the two groups. The unpaired Student's t-test was used to compare continuous variables, and the chisquare test was used to compare categorical variables. Data are presented as mean ± standard deviation for continuous variables with a normal distribution and as The variables associated with the primary and secondary outcomes were then analyzed with receiver operating characteristic (ROC) curves to determine their performance. Sensitivity and specificity were also analyzed to determine appropriate cut-off values of TPIA dia and RSBI.
To determine the correlation between diaphragmatic ultrasound values and weaning parameters, we used Pearson's correlation and presented the results as correlation coefficients. A P value of < 0.05 was considered statistically significant. Correlation coefficients of 0.00 to 0.19, 0.20 to 0.39, 0.40 to 0.59, 0.60 to 0.79, and 0.80 to 1.00 were considered to indicate very weak, weak, moderate, strong, and very strong correlations, respectively. We also performed subgroup analysis between patients with and without diaphragmatic dysfunction.
We analyzed inter-operator variability and intra-operator reproducibility of all diaphragmatic ultrasound parameters in 10 cases by two independent operators who were blinded. The former analysis was performed by Pearson's correlation, and the other was performed with intraclass correlations presented with the correlation coefficient, P value, and 95% confidence interval. All statistical analyses were performed using IBM SPSS Statistics for Windows, version 22.0 (IBM Corp., Armonk, NY, USA).
Results
In total, 68 patients were enrolled in our study. In six (9%) patients, however, the examination was not possible or was limited, resulting in poor image quality. These patients were finally excluded. The images of 62 patients were approved for analysis on the basis of quality. The numbers of patients with weaning success and reintubation are shown in Fig. 3 . The patients' baseline characteristics are shown in Table 1 . All diaphragmatic parameters obtained from the right and left hemidiaphragm were compared (Table 2) , and no difference between the right and Fig. 3 Flow chart showing the number of patients with weaning success, weaning failure, and reintubation left diaphragmatic parameters was seen. Consequently, we presented the ultrasound parameters according to the right hemidiaphragm.
With the exception of the potassium level, the demographic factors and laboratory findings did not differ significantly between the weaning success and failure groups ( Table 3 ). The mean TPIA dia was significantly higher in the weaning success than failure group (P < 0.05). The RSBI during the spontaneous breathing trial was significantly lower in the weaning success than failure group (P < 0.01) ( Table 3) . Table 4 shows the correlation coefficients between diaphragmatic and conventional parameters. The TPIA dia was significantly correlated with TV and inversely correlated with the RSBI (Fig. 4 ). There were moderate correlations between TPIA dia and VC, diaphragmatic inspiratory excursion and RSBI, and diaphragmatic inspiratory excursion and TV. The RSBI was inversely related to all diaphragmatic ultrasound parameters. For example, the lower the RSBI, the longer the TPIA dia . There was no correlation between PI MAX and any diaphragmatic ultrasound parameters. Table 5 summarizes the sensitivity, specificity, PPV, and NPV of a TPIA dia of > 0.8 s and an RSBI of < 100 in predicting weaning success.
Regarding secondary outcomes, diaphragmatic inspiratory excursion, DTD, and TFdi were significantly lower in patients who underwent reintubation within 48 h. The P values were 0.047, 0.021, and 0.028, and the areas under the ROC curves were 0.716, 0.805, and 0.784, respectively. A diaphragmatic inspiratory excursion cut-off value of 12.85 mm provided a sensitivity of 83% and specificity of 55% for predicting reintubation within 48 h. The PPV and NPV of a diaphragmatic inspiratory excursion value of < 12.85 mm were 17 and 97%, respectively. A DTD of < 0.65 mm predicted reintubation within 48 h with a sensitivity and specificity of 83 and 77%, respectively. The PPV of a DTD of < 0.65 mm was 28%, and the NPV was 98%. Nineteen of 62 (31%) patients had diaphragmatic dysfunction according to the criteria established by Kim et al. [16] . Patients who developed diaphragmatic dysfunction had a significantly higher RSBI and lower TPIA dia , DTD, TFdi, TV, and PI MAX ( Table 6 ). The areas under the ROC curves of RSBI, TPIA dia , DTD, The intra-operator reproducibility analysis of TPIA in the two operators showed an intraclass correlation coefficient of 0.97 (95% confidence interval, 0.90-0.99; P < 0.001) and 0.92 (95% confidence interval, 0.70-0.98; P < 0.001), respectively. The inter-operator variability analysis between the two operators revealed a Pearson correlation coefficient ® of 0.95 (P < 0.001). The remaining parameters were analyzed as shown in Additional file 1: Table S1 .
Discussion
Ultrasonography provides some advantages as a noninvasive diagnostic tool in critically ill patients, including availability at the bedside and avoidance of radiation hazards. The role of ultrasound in the assessment of diaphragm function has been studied [16] with the rationale that the diaphragm plays a crucial role in respiratory muscle endurance. However, data concerning its usefulness as a weaning predictor are limited [16, 17, [21] [22] [23] . We investigated the diagnostic performance of diaphragmatic function parameters assessed by ultrasonography to predict the success of weaning from mechanical ventilation.
The main findings of this study can be summarized as follows. 1) The prevalence of ultrasonographic diaphragmatic dysfunction was 31%.
2) The TPIA dia was a parameter that could be used to predict successful weaning from mechanical ventilation and had a strong correlation with the RSBI. 3) With respect to secondary outcomes, the diaphragmatic inspiratory excursion, DTD, and TFdi could predict reintubation within 48 h. 4) There was no difference between the right and left diaphragmatic parameters.
Diaphragmatic dysfunction is a common condition in the ICU and is associated with prolonged weaning from mechanical ventilation and weaning failure [16] . Jiang et al. [23] hypothesized that displacement of the liver/ spleen as measured by ultrasonography can represent movement of the hemidiaphragms. They demonstrated that using a cutoff value of 1.1 cm can predict successful extubation [23] . Our study showed that the prevalence of diaphragmatic dysfunction in the medical and surgical ICU was 31%, which is in line with that reported by Kim et al. [16] , who demonstrated that 29% of patients hospitalized in the medical ICU developed diaphragmatic dysfunction. Fig. 4 Relationship between the RSBI and TPIA dia . RSBI, rapid shallow breathing index; TPIA dia , time to peak inspiratory amplitude Some previous investigators have performed only right hemidiaphragm ultrasound in the ICU because the acoustic window provided by the liver makes it easier to measure the parameters on this side [17, 21] . In the present study, we completed both right and left hemidiaphragm measurements without any difficulty. Nevertheless, we found that there was no significant difference between the right and left diaphragmatic parameters (Table 2) . Therefore, measurement of the right hemidiaphragm may be more practical in clinical practice.
To the best of our knowledge, this is the first study to compare the performance of various diaphragmatic ultrasound-derived parameters with respect to weaning outcomes in critically ill patients. We also proposed a parameter, the TPIA dia , to predict successful weaning from mechanical ventilation. We found that patients with a longer TPIA dia tended to have more successful weaning from mechanical ventilation, and we found a strong correlation between the TPIA dia and RSBI. This correlation suggests the presence of a relationship between TPIA dia and diaphragmatic strength. Physiologically, the strength and endurance of the diaphragm are not similar. Diaphragmatic strength refers to the capacity of the diaphragm to generate force, which is dependent on many factors such as diaphragm contractile activation, excitation-contraction coupling, central drive, nerve conductance, and neuromuscular transmission [24] . Endurance is defined as the ability of the diaphragm to sustain force over time. Our investigation suggests that the TPIA dia is associated with the strength of the diaphragm rather than its endurance.
In general, a more extended TPIA dia increases the diaphragmatic amplitude. Therefore, both parameters should display similar results. Although the diaphragmatic inspiratory excursion could predict reintubation, it could not predict weaning success. This result suggests that the diaphragmatic inspiratory excursion represents the endurance of the diaphragm rather than its strength. Why the inspiratory excursion showed a different result from the TPIA dia is not clear. However, we hypothesize that an individual patient may have his or her own inspiratory time and diaphragmatic amplitude for a required TV. This idea is supported by the relationship between the product of pressure created by respiratory muscle (Pmus) and the electrical activity of the diaphragm (EAdi) measured in neutrally adjusted ventilatory assist mode, as demonstrated in a study by Bellani et al. [25] . The authors showed a different Pmus/EAdi ratio in each patient and indicated that the patients had their own ratios. Consequently, we anticipate different TPIA dia /diaphragmatic inspiratory excursion ratios among our patients, and they may have specific ratios of their own. Thus, we found a correlation coefficient of only 0.5 between the TPIA dia and diaphragmatic inspiratory excursion in an additional analysis. However, we need to further prove this hypothesis.
The TPIA dia showed an association with the success of breathing spontaneously without any assisted ventilation, whereas the DTD and TFdi were related to reintubation among the patients in our study. This can be explained by the fact that the DTD represents the endurance of the diaphragm, which is a major factor leading to reintubation. However, we could not explain why the diaphragmatic inspiratory excursion provides a similar result with respect to thickness difference parameters. The transdiaphragmatic pressure-time product needs further determination.
We found no correlation between PI MAX and TPIA dia or other diaphragmatic ultrasound parameters. PI MAX is [26] . The most objective diagnostic test of respiratory muscle weakness is determination of the transdiaphragmatic pressure in response to phrenic nerve stimulation (PdiTw). Supinski et al. [27] investigated the correlation between PdiTw and PI MAX . They found that when plotting PI MAX against PdiTw, significant scatter was present between the two values, suggesting the unreliability of predicting PdiTw from the determination of PI MAX . Nevertheless, each value is a predictor of both mortality and the duration of mechanical ventilation. This is in line with our study with respect to the fact that no correlation was found between PI MAX and any diaphragmatic ultrasound parameters. The principles of measurement between these parameters are different. The PdiTw is affected by stimulation of the phrenic nerves, and diaphragmatic ultrasound evaluates mainly the diaphragm, whereas PI MAX evaluates the inspiratory pressure by the contraction of all inspiratory muscles. Moreover, the diaphragmatic ultrasound examination and measurement of PdiTw were performed during submaximal breathing while measurement of PI MAX was performed to assess the highest voluntary inspiratory muscle pressure generation. Although the areas under the ROC curve of TPIA dia and the other ultrasound criteria were rather low in our study, they were at least equal to or better than the RSBI, the well-known criteria used in clinical practice. The area under the curve of the ultrasound criteria used to predict the weaning outcome varies from 0.68 to 0.79 among different studies [16, 22] . As evidenced by the quite low area under the curve of these ultrasound criteria indices, weaning failure depends on several clinical factors; for example, it can result not only from diaphragmatic dysfunction or critical illness myopathy but also excess mechanical load, impairment of respiratory mechanics, cardiovascular dysfunction, or an inability to clear secretions. Thus, a single diaphragmatic index might not be a perfect predictor, as shown in a study by Tenza-Lozano et al. [28] . They demonstrated that the area under the ROC curve of TFdi as a single predictor was 0.71. The performance of TFdi combined with lung ultrasound improved the prediction of weaning success with an AUC of 0.83, which supports our above-mentioned hypothesis [28] . Furthermore, we enrolled many patients of advanced age in the present study. The causes of weaning failure in older patients are multifactorial [29] , and few specific parameters are available to predict weaning outcomes in this population [30] . Therefore, diaphragmatic parameters should be combined with other parameters for predicting weaning outcomes.
Since 1991, the RSBI has been used to predict weaning outcomes [19] . It exhibits the best performance compared with the CROP index, PI MAX , and MV. However, the isolated RSBI may not be precise enough to predict weaning outcomes in patients undergoing prolonged mechanical ventilation [31] . The RSBI is a weaning predictor that measures the change in volume generated by all respiratory muscles while not specifically measuring the diaphragmatic contribution. A study by Kuo et al. [32] showed better performance of the RSBI at the 2-h time point of a spontaneous breathing trial than at the beginning. Consequently, the initial RSBI may not allow for proper assessment of patients with impaired diaphragmatic endurance but may be appropriate for assessment of impaired diaphragmatic strength. We did not find that the RSBI was associated with reintubation within 48 h after extubation in the present study.
Our study has some limitations. We enrolled both medical and postoperative patients in this study. Therefore, we cannot apply the results to specific diseases, such as chronic obstructive pulmonary disease. Further studies should be conducted to evaluate the role of TPIA dia in specific diseases. TPIA dia provided good sensitivity but low specificity for predicting successful weaning from mechanical ventilation, which means that there were some false-positives at low TPIA dia values. In other words, a given patient with a TPIA dia of ≤0.8 s could still have weaning success with an NPV of 56. However, a positive result that predicts weaning failure does not mean that the patient would have delayed weaning, but should be carefully evaluated during the weaning and extubation periods. Therefore, TPIA dia should be interpreted with caution and should be combined with other parameters. A validation cohort study should be conducted to confirm the results of our study. Furthermore, we analyzed the predictors of reintubation during hospital admission, and several uncontrolled variables could have interfered with the outcome (e.g., amount of secretion, consciousness level, or deterioration of the hemodynamic status).
Conclusions
Among diaphragmatic parameters, the TPIA dia exhibited good performance in predicting weaning outcomes and had a strong correlation with the RSBI. This study demonstrated a trend toward focusing on the TPIA dia , rather than diaphragmatic inspiratory excursion, as a predictor of weaning from mechanical ventilation.
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